Signaling proteins, including bone morphogenetic proteins (BMPs), specifically interact with heparan sulfate (HS). These interactions regulate protein distribution and function and are largely mediated by domains rich in basic amino acids. The N-terminal region of BMP2 and BMP4 contains one such domain with a typical Cardin-Weintraub (CW) motif, but it is unclear whether the same occurs in BMP5, BMP6, and BMP7 that constitute a separate evolutionary subgroup. Peptides spanning the N-terminal domain of BMP2/4 interacted with substrate-bound HS with nanomolar affinity, but peptides spanning BMP5/6/7 N-terminal domain did not. We re-examined the entire BMP5/6/7 sequences and identified a novel CW-like motif at their C terminus. Peptides spanning this domain displayed high-affinity HS binding, but corresponding BMP2/4 C-terminal peptides did not, likely because of acidic or noncharged residue substitutions. Peptides pre-assembled into NeutrAvidin tetramers displayed the same exact binding selectivity of respective monomers but bound HS with greater affinity. Tests of possible peptide biological activities showed that the HS-binding N-terminal BMP2/4 and C-terminal BMP5/6/7 peptides stimulated chondrogenesis in vitro, potentially by freeing endogenous BMPs. Thus, HS interactions appear largely ascribable to domains at opposite ends of BMP2/4 versus BMP5/ 6/7, reiterating the evolutionary distance of these BMP subgroups and possible functional diversification.
The bone morphogenetic proteins (BMPs) 2 are members of the transforming growth factor-␤ (TGF-␤) superfamily and comprise an evolutionary diverse group of about 15 signaling proteins (1) (2) (3) . The BMPs are initially synthesized as large precursor proteins while entering the secretory pathway, undergo proteolytic processing and glycosylation, and are secreted as active dimers (4 -6) . Dimerization is needed for signaling function and is stabilized by seven highly conserved Cys residues that interact to form cysteine-knot motifs (6 -9) . Active BMPs interact with type I and type II cell-surface receptors that have serine/threonine kinase activity and assemble into tetrameric signaling complexes (10, 11) . The type II receptors are constitutively active, whereas the type I receptors contain a Gly/Serrich domain that is phosphorylated by a type II receptor within the complex to activate kinase activity. These steps lead to recruitment of downstream canonical signaling effectors referred to as receptor-activated SMADs (SMAD1/5/8) that interact with SMAD4, translocate to the nucleus, and modulate expression of target genes (10, 11) . These basic processes and steps are shared by all BMPs, but the proteins exert diverse functions and affect a large number of distinct developmental, homeostatic, and pathological processes (3, 12, 13) . Such a diversity of roles and action is largely ascribable to the distinct binding affinities by the BMPs for various combinations of type I and type II receptors and to the patterns of ligands, receptors, and endogenous inhibitors expressed in distinct biological contexts and tissues and at different developmental and growth stages (14 -16) .
A long-known but still intriguing feature of BMPs is that they interact with the heparan sulfate (HS) chains of cell-surface and matrix-bound proteoglycans (17) (18) (19) , a macromolecular family that includes syndecans, glypicans, and perlecan (20) . The ability to interact with HS is actually shared by several other growth factors and signaling proteins, including hedgehogs and fibroblast growth factors (FGFs) (21, 22) , and is assignable to the presence of HS-binding domains present in these proteins (17) . The interactions with HS are thought to be important in regulating protein distribution, turnover, diffusion, and availability and in turn interactions with and signaling by cognate receptors (19, 23) . Cardin and Weintraub (24) were among the very first to carry out detailed studies to identify and characterize protein domain(s) responsible for interactions with HS. Comparative analyses on vitronectin, platelet factor-4, apoliprotein A, and apoliprotein B led to the identification of two HS-binding motifs, XBBXBX and XBBBXXBX, where B represents a basic residue (Arg or Lys), and X represents a noncharged residue. Subsequent studies on many other proteins have verified and greatly extended those original findings (25) (26) (27) . The HS-binding domains in BMP2 and BMP4 have been characterized in previous studies (18, 28) . The domains reside immediately upstream of the first conserved cysteine and are thus near the N terminus of the mature protein, and their sequences in human BMP2 and BMP4 are QAKHKQRKRLKSSC and SPKHHSQ-RARKKKNKNC, respectively, with the first cysteine of the knot serving as a reference point (29) . These distinct sequences are highly conserved (Tables S1 and S3), and experimental mutations of their basic residues were shown to alter HS binding and biological function (18, 30) . Notably, these sequences reiterate a fundamental and yet largely unexplained feature of HS-binding domains characterized in these and many other proteins, namely that the amino acid sequence and organization of each domain vary greatly from protein to protein (25) .
In an attempt to address this and related puzzles, we focused here on BMP5, BMP6, and BMP7 and did so for several reasons. First, their HS-binding domains have not been well defined compared with those of BMP2 and BMP4 (31) (32) (33) . Based on sequence homologies, the three proteins are classified as a separate evolutionary subgroup distinct from the BMP2/BMP4 subgroup within the TGF-␤ superfamily (34) . Of relevance to our own field of research, the three BMPs have been found to have roles in skeletal development and growth (35) (36) (37) different from those of BMP2 and BMP4 (38, 39) . Intriguingly, their N-terminal regions from the first conserved Cys are much longer than those of BMP2 and BMP4, and an initial perusal of possible HS-binding domains within that region revealed some unexpected anomalies as detailed below. Those initial insights were systematically explored in this study, and the results presented here reveal that the domain with highest HS-binding affinity is actually located at the C-terminal portion of mature BMP5, -6, and -7. We also present evidence that synthetic peptides corresponding to HS-binding domains have biological activity in chondrogenic and cell-signaling assays in vitro.
Results

N-terminal regions have distinct sequences and binding properties
As indicated above, the N-terminal regions of mature BMP5, BMP6, and BMP7 upstream of the cysteine knot are much longer than those in BMP2 and BMP4 and are currently thought to contain a major HS-binding domain (31) (32) (33) . To ask what may lie behind such length difference, we aligned the N-terminal regions from each BMP protein and compared the putative HSbinding domains within them, using the first conserved cysteine as a reference mark ( Fig. 1A) . As expected, the HS-binding domains of BMP2 and BMP4 exhibited typical Cardin-Weintraub (CW) motifs with XBBXBX and XBBBXBX arrangements, respectively (Fig. 1A) , and their amino acid sequences are highly conserved from Xenopus to humans ( Fig. 1B and Fig.  S2 ). In comparison, the putative HS-binding domains in BMP5, BMP6, and BMP7 were not only further upstream of the first cysteine ( Fig. 1A ) but also had unusual sequence features. The domains in BMP5 and BMP6 consisted of three basic residues 
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separated from the next single basic residue by three noncharged amino acids, and the domain in BMP7 lacked a doublet or triplet of basic residues altogether ( Fig. 1A) . These considerations raised the question whether these domains in BMP5, BMP6, and BMP7 were actually able to interact with HS. To investigate this, we synthesized 20 -25-amino acid-long peptides spanning the predicted HS-binding domain of each of the five BMPs ( Fig. 2A ), and we tested them in solid-phase binding assays with immobilized HS. The BMP2-and BMP4-derived peptides readily bound to HS and exhibited saturable binding curves, yielding calculated K d values of about 100 nM ( Fig. 3A) . However, the peptides derived from BMP5, BMP6, and BMP7 did not bind appreciably (Fig. 3A ), and the same outcome was observed when the microwell plates were coated with heparin instead of HS (data not shown).
It is possible that when free in solution, the BMP5/6/7 peptides might have acquired abnormal conformations that precluded or inhibited their natural interactions with HS. To address this question, the peptides from the five proteins were preassembled and tethered into tetrameric complexes by incubation with NeutrAvidin-horseradish peroxidase (NA-HRP) ( Fig. 4A ) and tested in solid-phase HS-binding assays (Fig. 4B) . Interestingly, the tetrameric peptide complexes from BMP2 or BMP4 not only bound to HS but did so with higher affinity (K d ϳ6 nM) ( Fig. 4B ) than their respective monomeric peptides (Fig.  3A) ; their binding was fully prevented by addition of soluble heparin (Fig. 4B ). However, the tetrameric peptide complexes from BMP5, BMP6, or BMP7 were still unable to appreciably bind to HS ( Fig. 4C ). As expected, full-length recombinant human (rh) BMP2 and -4 -7 readily interacted with immobilized HS and did so with comparable affinities (Fig. 3 , B and C).
C-terminal region of BMP5/6/7 contains a CW motif
The ability of full-length rhBMP5, rhBMP6, and rhBMP7 to bind to immobilized HS in contrast to the very poor binding by monomeric or tetrameric peptides from their N-terminal regions led us to consider whether the main HS-binding domain in these proteins may reside elsewhere. Thus, we aligned the entire amino acid sequences of these BMPs ( Fig. S2 ) and searched for possible additional CW-like motifs. Indeed, we noted that their C-terminal region did contain one such motif with an XBBXBX configuration ( Fig. 5A ). Intriguingly, in the corresponding C-terminal region in BMP2 and BMP4, the motif was different and contained noncharged residues in place of Lys and Arg ( Fig. 5A ), thus likely minimizing its potential ability to interact with HS. To test these predictions, we prepared monomeric and tetrameric peptides spanning the C-terminal region of BMP4 -7 ( Fig. 2B ) and tested them for HS binding in solid-phase assays. We chose the C-terminal peptide from BMP4 as a representative for the BMP2/4 subfamily, as their sequences are nearly identical. In line with our reasoning above, the peptides from BMP5-7 did in fact bind to HS with high affinity (K d ϳ9 nM) and were competed out by soluble heparin (Fig. 5 , B and C), whereas the peptide from BMP4 bound poorly ( Fig. 5B ). 
N-and C-terminal domains display different configurations
The differential ability of N-or C-terminal BMP domains to interact with HS raised the question whether there may be differences in their 3D configuration and spatial arrangement, possibly providing further insights into the basis of protein-HS interactions. Thus, we utilized the I-TASSER server at the University of Michigan that allows for protein structural and functional predictions (40) . Focusing on BMP2, BMP4, and BMP5 as representatives of the two BMP subgroups above, we found that their N-terminal domains displayed a helical structure, more prominent in BMP2 and BMP4 than BMP5 ( Fig. 6 , A-C). We subjected the domains to helical wheel projection analysis. Quite interestingly, the basic residues in BMP2 and BMP4 aligned to form a large cationic cluster along one face of the helix (Fig. 6 , D and E), whereas the basic residues in BMP5 were separated by noncharged amino acids seemingly preventing the assembly of a large cationic surface (Fig. 6F) . The latter provides an additional explanation for poor HS binding of the BMP5 N-terminal peptide (see Fig. 3A ).
We carried out a similar I-TASSER analysis of the C-terminal domains of BMP2, BMP4, and BMP5, but they turned out to have largely unstructured configurations with no obvious pattern ( Fig. 6 , G-I). This indicates that the strong HS-binding properties of the C-terminal domain in BMP5 (and by extension BMP6 and BMP7) are mainly due to its specific amino acid sequence and spacing.
Peptides have differential cell surface-binding abilities
Next, we asked whether the differential ability of N-and C-terminal peptides from the five BMPs to interact with immo- 2N, 4N, 5N, 6N , and 7N, respectively) were each incubated on plates coated with immobilized HS. Binding was measured using NA-HRP at an absorbance of 450 nm. Note that the N-terminal peptides from BMP2 and BMP4 interacted with HS with saturation kinetics and high affinity (K d ϳ100 nM), whereas those from BMP5, BMP6, and BMP7 did not. B, binding assays for rhBMP2, rhBMP4, and rhBMP5 to HS-coated plates. Bound proteins were detected using their respective antibodies conjugated to HRP. Note that BMP2 and BMP5 displayed saturable binding in the conditions used, whereas BMP4 binding exhibited slower kinetics. Inset shows a double-reciprocal plot for rhBMP2 and rhBMP5 with calculated K d values of 37 and 16 nM, respectively. C, binding assays for rhBMP6 and rhBMP7. Because specific antibodies for these BMPs could not be obtained, the proteins were biotinylated using EZ-link Sulfo-NHS-LC-Biotin (ThermoFisher Scientific) prior to binding assays, and the bound proteins were then detected using NA-HRP. Inset shows a doublereciprocal plot with calculated K d values of 56 and 40 nM for the two BMPs, respectively. Note that NA-HRP by itself elicited no signal. Each binding curve is representative of a minimum of five independent experiments. 
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bilized HS was also displayed in their binding to the cell surface, thus providing insights into the interactive behaviors of mature BMPs. To address this question, we carried out FACS analyses using K562 cells as a convenient in vitro model system. Cells were briefly fixed and incubated for 2 h on ice with N-or C-terminal peptides from BMP2, BMP4, BMP5, BMP6, or BMP7 that had been pre-assembled into tetramers by incubation with fluorescent NA-488. After incubation, the cells were washed, and FACS was used to assess the levels of bound peptides. The N-terminal peptides from BMP2 and BMP4 prominently bound to the cells, whereas those derived from BMP5 did not ( Fig. 7A ). BMP2/4 peptide binding was inhibited by addition of soluble heparin or pretreatment of the cells with trypsin ( Fig.  7A ). Virtually opposite results were obtained with the C-terminal peptides. The BMP5 peptide readily bound to the cells, whereas the BMP4 peptide did not (Fig. 7B) ; binding was prevented by soluble heparin.
To further evaluate peptide-binding specificity to the cell surface, the tetrameric peptide complexes were preincubated with soluble heparin, HS, or hyaluronic acid (HA), a nonsulfated glycosaminoglycan, and were then incubated with K562 cells for 2 h as above. Cells were washed, and levels of peptide binding were assessed by FACS. As shown in Fig. 7C , peptide binding was prevented by heparin and HS, albeit to a slightly lesser extent. In contrast, HA was not able to prevent binding in a significant manner. The data indicate that binding of the BMP2N, BMP4N, and BMP5C peptides to the cell surface was specific and competed out by soluble heparin and HS.
Peptides can stimulate chondrogenic cell differentiation
A previous study indicated that a peptide spanning the N-terminal HS-binding domain of BMP4 (residues 15-24 within the mature protein) had biological activity on its own and stimulated osteogenic cell differentiation in cultures of human mesenchymal stem cells (28). To investigate the potential biological activity of the BMP peptides characterized in our study, we determined their effects on chondrogenic differentiation, using micromass cultures of mouse embryo limb bud mesenchymal cells (41) . Indeed, treatment with N-terminal tetrameric peptide complexes from BMP2 or BMP4 or C-terminal peptide complex from BMP5 stimulated chondrogenesis appreciably ( Fig. 8 , D-F). As expected, full-length rhBMP2 stimulated chondrogenesis as well ( Fig. 8C ). This stimulation was evident by Alcian blue staining of cartilage nodules ( Fig. 8 , D-F) and computer-assisted image quantification of the nodules (Fig.  8G ) compared with untreated control cultures ( Fig. 8 , A and G) or cultures treated with empty NA backbone ( Fig. 8, B and G). To verify these data, we carried out quantitative PCR analyses of chondrogenic genes (42) and found that expression of Sox9, collagen 2, and aggrecan was stimulated in peptide-treated cultures compared with controls ( Fig. 8, H and J) . The peptides were also able to stimulate the expression of Id1, a direct target of canonical BMP signaling ( Fig. 8K) (43) .
Peptides exhibit binding-competition ability toward their respective proteins
The stimulatory effects of the peptides on chondrogenesis could be due to a variety of mechanisms. One possibility is that the peptides competed with binding of endogenous BMPs to cell-surface HS and rendered the proteins available for further biological action. To gain insights into this possibility, we carried out solid-phase competition assays using peptides and fulllength rhBMP2 and rhBMP5. HS-coated microplates were incubated with rhBMP2 ( Fig. 9A ) or rhBMP5 (Fig. 9B) in the presence of increasing amounts of N-terminal BMP2, BMP4, or BMP5 peptide or C-terminal BMP5 peptide. Binding of rhBMP2 to HS was readily competed out by the BMP2 or BMP4 Figure 5 . C-terminal region of BMP5, BMP6, and BMP7 has high HS-binding affinity A, amino acid alignment of the C-terminal region of BMP2 and BMP4 versus BMP5, BMP6, and BMP7. Basic residues are boldface and underlined. Note that the region in BMP5, BMP6, and BMP7 contains a XBBXBX sequence that fully matches a typical CW motif, whereas the corresponding region in BMP2 and BMP4 contains nonconservative substitutions with Asn and Gln replacing a Lys and an Arg. In addition, note that the BMP2 and BMP4 regions also contain two negatively charged acidic residues (Glu and Asp) that would likely interfere with HS binding. B, solid-phase binding assays of synthetic C-terminal peptides from BMP4, BMP5, and BMP6/7 (designated 4C, 5C, and 6/7C) to substrate-bound HS. The C-terminal sequences of BMP6 and BMP7 are identical. Note that although the BMP4 peptide failed to bind HS, the BMP5 and BMP6/7 peptides did bind. C, solid-phase binding assays of tetrameric C-terminal peptide complexes from BMP4, BMP5, and BMP6/7 to HS. The BMP5 and BMP6/7 complexes bind to HS with saturable kinetics and were competed out by soluble heparin (H), whereas the tetrameric BMP4 peptide still failed to bind. Inset shows a double-reciprocal plot for BMP5 and BMP6/7 peptide tetramers. Each binding curve is representative of a minimum of five independent experiments.
HS-binding domains in different BMP subgroups
peptides but minimally by both BMP5 peptides (Fig. 9A) . In good agreement, rhBMP5 binding to HS was competed by its HS-binding C-terminal peptide but not the nonbinding N-terminal peptide (Fig. 9B) . Interestingly, however, rhBMP5 binding was also inhibited by the BMP2/4 peptides (Fig. 9B ).
Discussion
The data in our study revealed that the C-terminal regions of mature BMP5, BMP6, and BMP7 contain a domain characterized by strong HS-binding ability. The amino acid sequence of this domain is virtually identical in the three BMPs and is highly conserved through evolution (see Fig. S2 ). As indicated by the solid-phase assays, peptides encompassing this C-terminal domain bind to HS with nanomolar affinities comparable with those exhibited by peptides of the N-terminal domains of BMP2 and BMP4. Our solid-phase assays show that the different peptides also possess significant specificity in their ability to compete with BMP binding, indicating that their respective amino acid sequences are functionally distinctive and discriminatory. Previous studies found that mutations of basic residues within the N-terminal domain of BMP2 and BMP4 reduced HS binding and also altered the bioactivity of the mutant proteins (18, 30) . Interestingly, however, mutations of basic residues within the N-terminal domain of BMP7 were found to have no major effect on HS binding (44) , hinting at the possibility that the major HS-binding domain may actually reside elsewhere along the protein as in fact shown here. In sum, our data and previous studies provide strong evidence that the The N-terminal amino acid is designated by a blue dot, and the C-terminal amino acid is designated by a red dot; the backbone is in black; and Lys and Arg residues are in purple and cyan, respectively. Note that all the regions display some degree of helical structure. D-F, helical wheel diagrams of the regions shown in A-C. The wheel diagrams for BMP2 and BMP4 reveal continuous positive charge on the surface of the helix (D and E), and the BMP5 diagram presents with an unorganized and discontinuous arrangement of positive charge (F). G-I, I-TASSER-based models of the C-terminal regions of BMP2, BMP4, and BMP5 spanning the putative HS-binding motifs and designated as BMP2 C, BMP4 C, and BMP5 C. Symbols are as in A-C, but note that the region in BMP2 and BMP4 contains negatively charged residues (Asp in orange and Glu in yellow) that are inconsistent with a typical HS-binding domain and that are absent in the BMP5 region.
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C-terminal domain in BMP5/6/7 and the N-terminal domain in BMP2/4 represent major and selective mediators of HS binding.
The HS-binding C-and N-terminal domains of these BMPs contain a motif conforming to typical CW structures. Cardin and Weintraub (24) originally proposed that the positively charged amino acids in the XBBBXXBX motif would be arrayed on one face of an ␣-helix, and they would be aligned on one side of a ␤-strand in the XBBXBX motif, providing a suitable surface for interaction with sulfated sugar clusters along the HS chains in each case (19) . Subsequent studies have emphasized the importance of spacing among positively charged amino acids, irrespective of whether they are arranged in an ␣-helix or a ␤-strand (26, 45) . Protein structure predictions and mapping of electrostatic surfaces have suggested that the mature BMP2 dimer exhibits two electropositive surfaces, whereas the BMP7 dimer exhibits a single one (33) . A major conclusion of this work was that the BMP2 dimer would possess two major HSbinding domains in line with previous protein-HS binding kinetics data (18) , whereas BMP7 would possess one only. The authors speculated that the two surfaces in the BMP2 dimer were provided by the N-terminal ␣-helical CW domain of each monomer, with the two domains located on opposite sides of the dimer fingers held together by the central wrist/palm region (29, 33) . However, no explanation was given as to why the BMP7 dimer would display one electropositive surface only. Based on our data indicating that the major HS-binding motif in BMP7 is in the C terminus, it is possible that the single surface could originate from two C-terminally unstructured domains arranged in proximity within the wrist/palm region of the dimer as suggested by structural predictions with the I-TASSER server (Fig. S1 ).
It is important to point out that this server carries out protein/peptide structure predictions by searching the Protein Data Bank (PDB) and relating the input sequence to known protein structures with similar or identical sequences (40) . Thus, the predicted structure of the peptides characterized here may not fully mimic their native configurations within the intact protein. Given their biological activities, however, it is likely that the peptides did possess functionally relevant configurations. This was indicated by their selective ability to interact with substrate-bound HS, bind to the cell surface, stimulate chondrogenesis, and compete with binding of their respective full-length proteins.
Deciphering the exact 3D organization and features of BMP dimers will require further analysis, and the contribution of single or groups of basic residues, distant from the CW motifs, will need to be taken into consideration to precisely delineate the overall structural basis of BMP-HS interactions (25, 46, 47) . It will also be necessary to clarify the spatial orientation of different BMPs with respect to the HS chain backbone given that their electropositive surfaces differ in location and structure as suggested above. In addition, the HS chains themselves are endowed with a remarkable degree of structural diversity and complexity they acquire during their biosynthesis in the Golgi and by action of extracellular sulfatases (19, 23) . The synthesis of HS chains initiates with the assembly of a tetrasaccharide linkage region to prescribed serine residues along the proteoglycan core proteins. Chain polymerization continues with the addition of an N-acetyl-D-glucosamine (GlcNAc) residue 2N, 4N , and 5N, respectively) were allowed to interact with K562 cells in vitro, and binding was assessed by flow cytometry. Note that the 2N and 4N peptides vigorously interacted with the cell surface and were competed out by soluble heparin (Hep). However, the peptide from BMP5 produced minimal if any binding. The fluorescent NA backbone produced no signal on its own as did the cells (A, far left). As an additional control for binding specificity, cells were trypsinized prior to incubation with peptides, and this treatment fully prevented binding. B, fluorescent C-terminal peptide tetramers from BMP4 and BMP5 (designated 4C and 5C, respectively) were allowed to interact with K562 cells in vitro, and binding levels were assessed as above. Note that the 5C peptide did bind to the cell surface and was competed out by soluble heparin, but the 4C peptide did not bind. C, K562 cells were incubated with tetrameric complexes containing BMP2N, BMP4N, and BMP5C peptides in the absence or presence of soluble heparin (Hep), heparan sulfate (HS), or hyaluronic acid (HA) as competitors. Following incubation, the cells were washed, and the amount of bound peptide was assessed by FACS. **, p Ͻ 0.01; ***, p Ͻ 0.001; ****, p Ͻ 0.0001.
and then proceeds with alternating addition of glucuronic acid (GlcA) and GlcNAc residues by EXT1/EXT2 glycosyl polymerase complexes, producing HS chains of about 20 -25 kDa in size. Although these steps are ongoing, the elongating chains undergo a series of concurrent structural modifications that start with N-deacetylation and N-sulfation of GlcNAc residues by members of the N-deacetylase-N-sulfotransferase family. Modifications continue with epimerization of certain D-glucuronic acid residues to L-iduronic acid and with O-sulfation at positions C2, C6, or C3 around glucosamine and glucuronic/ iduronic rings by O-sulfotransferase family members. Such multiple serial biosynthetic steps result in chains with highly diverse sulfation and sugar modification patterns within 6 -12 sugar residue-long segments flanked by largely unmodified and unsulfated segments (19, 23) . These features are thought to represent the basis for the ability of HS chains to strongly and specifically interact with proteins (23, 25, 48) . Some proteins such as FGF2 and antithrombin require specific modifications of HS for optimal binding, including 3-O sulfation (49 -51), whereas other proteins such as IL-8 and thrombin mainly rely on HS domain structure or charge density, respectively (52, 53) . At present, relatively little is known about HS structural features mediating BMP interactions and whether different BMPs require distinct HS modifications and segments for optimal binding (48, 54) , although the BMP antagonist Noggin preferentially binds to HS carrying N-, 6-O-, and 2-O-sulfates (55) . Nonetheless, it is interesting to note that whereas HS is a positive regulator of the biological function of certain signaling proteins such as FGF2 (56, 57) , it appears to normally restrain and limit the function and activity of BMPs (18, 30) . Together, the above studies underline the striking diversity and subtleties of HS-protein interactions that are of essential importance to numerous developmental and physiological processes (13, 54, 58) and can cause pathologies when deranged (59) .
Among the latter, a case in point is hereditary multiple exostoses, a rare congenital pediatric disorder that is caused by loss-of-function mutations in EXT1 or EXT2 and involves significant decreases in HS levels (60, 61) . HME is characterized by cartilaginous tumors (called exostoses or osteochondromas) that develop within perichondrium flanking the growth plates A and B) . G, scatter plots of levels of Alcian blue staining in A-F quantified by ImageJ. Data confirm that treatment with peptides 2N, 4N, or 5C or with rhBMP2 increased chondrogenesis over control levels (Con and NA). H-J, scatter plots of expression levels of Sox9, Col2, and aggrecan in day 3 limb bud cell cultures treated with peptide tetramers or left untreated (Con). Note that the 2N, 4N, and 5C peptides significantly increased expression of Sox9 and Col2 (H and I), whereas the strongest stimulation of aggrecan expression occurred with the 4N peptide (J). Data are averages of three independent experiments. K, scatter plots of ID1 expression in AD293 cells after treatment with vehicle (Con), NA backbone (NA), or tetrameric 2N, 4N, or 5C peptides. Each peptide stimulated ID1 expression with respect to controls. Data are averages of five independent experiments. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001.
of long bones, ribs, and other elements, but the underlying mechanisms had long remained unclear (62, 63) . Using mouse models, we found that conditional Ext1 ablation in perichondrial cells (and concurrent drop in HS levels) caused a sharp decrease in local ERK/FGF signaling and a reciprocal increase in canonical BMP signaling (64, 65) . These opposing signaling changes were followed by the development of cartilaginous tumors in very good correlation with the fact that normally the BMP signaling is pro-chondrogenic, whereas ERK/FGF signaling is anti-chondrogenic (66, 67) . We do not know yet which BMP(s) is/are the main culprits in inducing ectopic chondrogenesis and osteochondroma formation in HME, although the preferential expression and function of BMP2 in perichondrium point to this protein as a pathogenic candidate (38) .
Nonetheless, the studies stress the point that HS plays a critical role in fine-tuning the local activities, range of action, and developmental effects of different HS-binding proteins (23) and that severe consequences can ensue when these balances are not maintained.
Given their pro-skeletogenic properties, recombinant human BMP2 and BMP7 are currently used clinically to stimulate fracture repair and spine fusion (68, 69) . However, because the proteins are very potent and are used in large excess over endogenous levels in these clinical conditions, they exert broad and unrestrained action and can elicit side effects, at times severe (68, 69) . One possible way to alleviate these problems would be to use peptides that mimic properties of their fulllength counterparts (70) and/or induce similar biological responses. One example is the study cited above in which a peptide spanning the N-terminal HS-binding domain of BMP4 was found to stimulate osteogenic cell differentiation in vitro and bone repair in vivo in a manner similar to full-length rhBMP4 (28). Our data complement well and extend those observations and show that peptides spanning the HS-binding domain of BMP2 and BMP4 at the N terminus and of BMP5 at the C terminus stimulate chondrogenesis and chondrogenic gene expression in primary mouse embryo limb bud cells in micromass culture. Our solid-phase binding assays indicate that the peptides can compete with their full-length counterparts for HS binding, demonstrating also a degree of selectivity and specificity. In recent studies, we demonstrated the presence of endogenous BMPs bound to the cell surface (71) and also observed that treatment with heparitinase (in the absence of exogenous BMPs) greatly and rapidly stimulated canonical BMP signaling and chondrogenic cell differentiation (41, 64) . Therefore, it is likely that the peptides were able to exert prochondrogenic effects by the following: dislodging endogenous HS-bound BMPs; reducing the normal restraining effects of HS on BMP availability and action; and allowing the proteins to exert greater biological activity. By relying on endogenous BMPs and stimulating their action, the peptides may prove to be a safer and more versatile strategy for treatment of fracture repair, spine fusion, and related clinical problems. In addition, the peptides could be used in combination with rhBMP2 or rhBMP7 to reduce the amounts of these proteins needed for treatment, thus likely rendering their use much safer.
Experimental procedures
Reagents
Antibodies against human BMP2/BMP4 (BMP-2/4 (H-1): sc-137087) and BMP5 (AF6176 and MAB7151) were obtained from Santa Cruz Biotechnology (Dallas, TX) and R&D Systems (Minneapolis, MN), respectively. NeutrAvidin (NA), NA-HRP, NA-DyLight 488 (NA-488), and anti-mouse HRP secondary antibody conjugates were obtained from ThermoFisher Scientific and Cell Signaling Technology (Danvers, MA). Heparan sulfate (Sigma catalog no. H7640) isolated from bovine kidney and hyaluronic acid (Sigma catalog no. 53747) from Streptococcus equisimilis were obtained from Millipore-Sigma. Fulllength human BMP2 and BMP4 -7 proteins were obtained from R&D and ProSpec (East Brunswick, NJ). A, competition binding assays in which rhBMP2 (4 M) was co-incubated with increasing concentrations of monomeric 2N, 4N, 5N, or 5C peptides and tested for binding to substrate-bound HS. Note that both the 2N and 4N peptides competed with rhBMP2 binding to HS (blue and black lines), and both 5N and 5C peptides had minimal effects (red lines). B, competition binding assays in which rhBMP5 (4 M) was co-incubated with increasing concentrations of monomeric 2N, 4N, 5N, or 5C peptides and tested for binding to substrate-bound HS. Note that the 5C peptide did compete for binding (red lines with open circle), but the 5N peptide did not (red line with filled red circles). Note also that both 2N and 4N peptides also competed with rhBMP5 binding. Each binding curve is representative of three independent experiments.
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Where indicated, full-length BMPs were biotinylated using EZ-Link Sulfo-NHS-LC-Biotin (ThermoFisher Scientific) in PBS in a total volume of 150 l on ice for 1 h. Reactions were quenched by the addition of 5 l of Tris-buffered saline containing 50 g of BSA. Peptides encompassing the HS-binding domain from each BMP contained the putative CW motif and also a minimum of three flanking amino acids on the N-and C-terminal sides of the domain. Three glycine residues were added to the N terminus of each peptide to provide a flexible linker between an N-terminal biotin tag and the peptide itself. Peptides were purified by reverse-phase HPLC (C18 column), and peptide mass was confirmed by MALDI-TOF MS. All peptides were synthesized and purified by Peptide 2 (Chantilly, VA). When indicated, biotinylated peptides were oligomerized into tetramers by incubation with NA or NA-HRP at a molar ratio of 50:1 of peptide to NA-HRP, with each avidin molecule binding four biotins (72) and referred to as tetrameric complexes. Because the C-terminal peptides from BMP5 and BMP7 contain two Cys residues, they were prepared in water containing 1 mM dithiothreitol (DTT). Peptides were used within 2 weeks after being dissolved.
In silico modeling
Amino acid sequence alignments were performed using the T-coffee alignment tool. Helical wheel projections were constructed using DrawCoil 1.0. Secondary structure predictions made use of the structural information of BMP2 (PDB code 3BMP) and BMP7 (PDB code 1BMP) and were carried out using the I-TASSER server for protein structure and function prediction (40) . Resulting structures were visualized using Chimera. All peptides have isoelectric points (pI) Ͼ10, with the exception of the BMP4 C-terminal peptide, and are predicted to contain some ␣-helix, except the C-terminal domain of BMP5-7.
Solid-phase binding assays
Nunc MaxiSorp flat bottom 96-well plates were coated with HS (5 g/ml) in 50 mM carbonate buffer (pH 9.4) overnight at 4°C. Unless otherwise indicated, all binding assays were carried out in 1ϫ PBS, 0.1% Tween 20 (PBST) containing 1% BSA (PBSTB). Plates were incubated with peptides for a minimum of 2 h at room temperature with gentle shaking. At the termination of the binding assay, the plates were washed three times with PBST and a final rinse with PBS. Plates were developed by addition of HRP substrate O-phenylenediamine dihydrochloride (OPD) in phosphate/citrate buffer (50 mM sodium phosphate and 25 mM citric acid (pH 5)) and read at 450 nm. Very low levels of background binding were exhibited by NA-HRP alone or when complexed with biotinylated BSA.
To assess binding of full-length rhBMP2, rhBMP4, and rhBMP5, proteins were applied to 96-well HS-coated plates in PBST at indicated concentrations for 2 h at 4°C. Plates were rinsed three times with PBST, and bound proteins were assessed with BMP-specific antibodies. To assess binding of full-length rhBMP6 and rhBMP7, the proteins were first labeled with biotin and applied to 96-well HS-coated plates in PBST for 2 h. The plates were washed, incubated with NA-HRP, washed again, and developed with OPD substrate. Similar results were obtained with heparin-coated plates.
Competition assays
HS plates were incubated with full-length rhBMP2 or rhBMP5 (4 M) in the presence of increasing amounts of peptides in PBST for 2 h with gentle shaking. The plates were washed, and bound BMP2 and BMP5 were assessed using anti-BMP2 antibody (1:2000) and anti-BMP5 antibody (1:2000) followed by anti-mouse HRP secondary antibody conjugate (1:5000). Plates were developed by addition of OPD substrate.
Cells and cell culture
K562 human myelogenous leukemia cells (73) and AD293 cells were grown in DMEM containing 10% fetal calf serum. Micromass cultures were prepared from E11 CD-1 mouse embryo limb buds (74) . Briefly, limb bud mesenchyme was dissociated in 0.5% trypsin/EDTA at 37°C. The dissociated cells were suspended at a concentration of 10 ϫ 10 6 cells/ml in DMEM containing 3% fetal bovine serum and antibiotics. Micromass cultures were initiated by spotting 15 l of cell suspensions (1.5 ϫ 10 5 cells) onto the surface of 24-well tissue culture plates. After a 90-min incubation at 37°C in a humidified CO 2 incubator to allow for cell attachment, the cultures were given 0.5 ml of medium. After 24 h, cultures were treated with full-length BMP proteins or tetrameric peptide complexes in the same medium. Fresh reagents, including BMP proteins or peptides, were given with medium change every 3rd day. Cultures were stained with Alcian blue (pH 1.0) after 3 days to monitor chondrogenic cell differentiation or processed for PCR analysis of gene expression (74) . Images were taken with a Nikon SMZ-U microscope equipped with a SPOT insight camera (Diagnostic Instruments, Inc.; Sterling Heights, MI) and acquired with SPOT 4.0 software. Micromass analysis was performed using ImageJ. Images were made binary under an RGB threshold, and "Particle Analysis" was utilized to measure the Alcian blue positive area and nodule number (75) .
FACS analysis of peptide binding
K562 cells were washed with PBS and fixed with 2% buffered formalin for 20 min on ice. The cells were washed with PBS and blocked by incubation in PBS, 1% BSA for 20 min on ice. Approximately 10 6 cells (100 l) were incubated with peptide tetramers containing fluorescent NA-488. Following incubation for 2 h on ice, the cells were washed and analyzed on an Accuri flow cytometer (BD Biosciences) located in the Flow Cytometry Core Laboratory at our institution.
Gene expression analysis
Total RNA was isolated using TRIzol Reagent (Thermo-Fisher Scientific) following the manufacturer's protocol. Five g of glycogen (ThermoFisher Scientific catalog no. AM9510) was added to the aqueous phase prior to the addition of isopropyl alcohol to facilitate RNA precipitation. RNA quantification was determined using a Nanodrop spectrophotometer. cDNA was prepared from 2 g of purified RNA using a Verso cDNA synthesis kit (ThermoFisher Scientific catalog no. AB1453A) following the manufacturer's protocol. Gene expression was HS-binding domains in different BMP subgroups determined by quantitative real-time PCR using SYBR Green PCR Master Mix in an ABI 7500 real-time PCR system, located in the NAPCore facility in our institution. GAPDH was used as the endogenous control, and relative expression was calculated using the ⌬⌬Ct method. All PCR primers were obtained from Integrated DNA Technologies and are listed in Table S2 .
Statistical analysis
All statistical analysis was performed using GraphPad Prism software.
Animal studies
E11 CD-1 mouse embryo limb buds for micromass cultures were obtained from The Jackson Laboratory (Bar Harbor, ME). All animal studies were approved under protocol no. 0952 by the Institutional Animal Care and Use Committee (IACUC). 
